The authors report the enhancement of hole injection using an indium tin oxide ͑ITO͒ anode covered with ultraviolet ͑UV͒ ozone-treated Ag nanodots for fac tris ͑2-phenylpyridine͒ iridium Ir͑ppy͒ 3 -doped phosphorescent organic light-emitting diodes ͑OLEDs͒. X-ray photoelectron spectroscopy and UV-visible spectrometer analysis exhibit that UV-ozone treatment of the Ag nanodots dispersed on the ITO anode leads to formation of Ag 2 O nanodots with high work function and high transparency. Phosphorescent OLEDs fabricated on the Ag 2 O nanodot-dispersed ITO anode showed a lower turn-on voltage and higher luminescence than those of OLEDs prepared with a commercial ITO anode. It was thought that, as Ag nanodots changed to Ag 2 O nanodots by UV-ozone treatment, the decrease of the energy barrier height led to the enhancement of hole injection in the phosphorescent OLEDs. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2719153͔
Organic light-emitting diodes ͑OLEDs͒ have drawn considerable interest due to their extreme thinness, high peak brightness, high dark room contrast, low power consumption, low cost, superviewing ability, and fast response time. Because OLED performance, such as operating voltage and efficiency, is critically affected by carrier injection, it is imperative to develop a high quality anode layer with a low resistance, high transparency, high hole injection efficiency, and high work function.
1 Although a Sn-doped In 2 O 3 ͑ITO͒ film is typically used in OLEDs as the anode layer, an imperfect work function alignment with a typical hole transport layer ͑HTL͒ is one of the disadvantages of the ITO anode. [2] [3] [4] For this reason, alternative anode materials such as ZnOdoped In 2 O 3 , Al-doped ZnO, Ni, Ag, and Pt have been widely investigated as anode layers in OLEDs. [5] [6] [7] [8] [9] [10] In particular, Ag metal is employed in top-emitting OLEDs ͑TOLEDs͒ as a reflection layer due to its high reflectivity in the visible range. Recently O 2 plasma or UV-ozone treated Ag anodes showed high hole injection efficiencies due to the high work function of Ag 2 O ͑ϳ5.3 eV͒. 8, 9 In addition, a self-assembled monolayer modified Ag electrode was reported as an anode layer for TOLEDs. 11 However, application of a Ag anode is restricted in the TOLED due to the opaqueness of the Ag metal layer. Therefore, most research on the Ag metal electrode is focused on the reflective layer in the TOLEDs. 11 To use the advantages of a Ag anode, we employed transparent Ag nanodots dispersed on an ITO anode as the anode material for OLEDs. In GaN-based LEDs, a metal nanodotdispersed electrode has been recognized as a promising Ohmic contact structure. Yang et al. reported that Au nanodots on p-GaN improved the performance of a GaN LED by formation of a triple-phase junction point between the metal and p-GaN. 10 Hsu et al. also reported that a Ni-dot embedded ITO anode could reduce the turn-on voltage of OLEDs. 12 However, Ag nanodots, which are introduced between the organic layer and the ITO layer, have not been investigated in detail for their effects on the performance of OLEDs.
In this work, we report on the characteristics of an UVozone treated Ag nanodot-dispersed ITO anode for enhancing hole injection in phosphorescent OLEDs. The Ag nanodot-dispersed ITO anode showed identical electrical, optical, and structural properties to those of the bare ITO/ glass sample. In addition, it was found that Ag nanodots dispersed on ITO film simply changed to Ag 2 O nanodots after UV-ozone treatment for 15 min. Phosphorescent OLEDs fabricated on the Ag 2 O nanodot-dispersed ITO anode showed a lower turn-on voltage and higher luminescence than those of the OLEDs prepared on the bare ITO anode due to high work function of the Ag 2 O.
Ag nanodots ͑ϳ10 Å͒ were deposited on a cleaned ITO anode ͑Asahiglass Fine Techno Co., Ltd.͒ using an electron beam evaporator without intentional heating of the substrate. The surfaces of the Ag nanodot-dispersed ITO anode and the bare ITO anode were examined by a scanning electron microscope ͑SEM͒. To confirm the existence of the Ag element on the ITO anode, an angled x-ray photoelectron spectroscopy ͑XPS͒ examination was carried out. The UV/vis transmittance of the bare ITO, the Ag nanodot-dispersed ITO, and the UV-ozone treated Ag nanodot-dispersed ITO anodes were measured over a wavelength range from 220 to a͒ Author to whom correspondence should be addressed; electronic mail: hkkim@kumoh.ac.kr 880 nm. For simplicity, the Ag nanodot-dispersed ITO anode and the UV-ozone treated Ag nanodot-dispersed ITO anode are hereafter referred to as Ag/ITO and UV-ozone treated Ag/ITO, respectively. Before deposition of the organic layers, both the bare ITO and Ag/ITO anodes were UV-ozone treated for 15 min to remove organic contamination and to increase work function. To investigate the structural properties of the bare ITO and UV-ozone treated Ag/ITO in detail, synchrotron x-ray scattering examinations were performed. After the UV-ozone treatment, both the bare ITO and the Ag/ITO anodes were simultaneously transferred to an organic/metal evaporation system. 40-nm-thick ␣-napthylphenlylbiphenyl ͑␣-NPB͒ and 30-nm-thick 4 , 4Ј-bis͑9-carbazolyl͒-biphenyl doped with 6 wt %͓Ir͑ppy͒ 3 ͔ were used as the HTL and emission layer ͑EL͒, respectively. Subsequently, a 10-nm-thick 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline ͑bathocuproine͒ layer was grown on the EL layer as a hole-blocking layer. A 40-nm-thick tris͑8-hydroxyquinoline͒ aluminum layer and a 1 nm LiF layer were then deposited as an electron transport layer and an electron injection layer, respectively. Finally, a 100-nm-thick Al cathode layer was patterned using a shadow metal mask. Current density-voltage-luminescence ͑J-V-L͒ characteristics of the phosphorescent OLEDs fabricated on different anode materials were measured with a Keithley 2400 and a Si photodiode mounted below the OLEDs. Figure 1 shows the surface SEM images and the XPS wide scan data of the commercial bare ITO anode ͑reference sample͒ and Ag/ITO anode. The surface SEM image of the bare ITO anode in Fig. 1͑a͒ exhibits typical crystalline structure with rectangular and square-shaped grains due to ͑222͒ and ͑440͒ preferred orientations. The XPS wide scan data shows strong O 1s, In 3d, and Sn 3d peaks, which are indicative of a bare ITO anode layer. However, even though a commercial ITO film was used, there is a fairly strong C 1s peak due to the existence of organic contamination on the ITO anode. Figure 1͑b͒ shows the surface SEM image of the Ag/ITO anode with XPS wide scan data. It is clearly shown that the Ag nanodots with sizes of 5 -10 Å are uniformly dispersed on the ITO anode. Without intentional substrate heating during Ag deposition, the Ag layer below the thickness of 10 Å exists as a type of Ag nanodots due to the effect of surface and strain energies of Ag atoms. The additional Ag 3d peak as well as O 1s, In 3d, and Sn 3d peaks in the XPS wide scan data shows that the uniformly distributed nanodots on the ITO anode are Ag metal. Figure 2 shows surface C 1s and Ag 3d peaks of the Ag/ITO anode before and after the UV-ozone treatment. It was noteworthy that the peak intensity of C 1s in Fig. 2͑a͒ was significantly reduced by the UV-ozone treatment. This reduced C 1s peak indicates that the UV-ozone treatment effectively removes the organic contamination on the ITO surface as demonstrated in previous reports. 13 The Ag 3d 5/2 core level spectra in Fig. 2͑b͒ exhibit the low binding shift from 368.2 to 367.8 eV after UV-ozone treatment. The low binding shift of the Ag 3d core level spectra indicates the transition from Ag nanodots to Ag 2 O nanodots during UVozone treatment. Chen et al., after investigating a surface modified Ag anode film, reported that room-temperature UVozone treatment of a Ag anode led to the formation of Ag 2 O on the surface of the Ag anode. 7 In addition, Waterhouse et al. reported that oxidation of a polycrystalline Ag foil by ozone treatment led to the low binding energy shift of Ag 3d 3/2 and 3d 5/2 core level spectra due to the formation of Ag 2 O.
14 Therefore, it is clear that the UV-ozone treatment is an effective method to remove organic contamination and change Ag nanodots into Ag 2 O nanodots. tering results. It is noteworthy that the transmittance of the as-deposited Ag/ITO anode and UV-ozone treated Ag/ITO anode in the green region is much higher than that of the bare ITO films. Although the transmittance of the asdeposited Ag nanodot-dispersed ITO anode film in the blue region is lower than that of the bare ITO anode films, the average optical transmittance ͑ϳ88.9% ͒ of the Ag nanodotdispersed ITO anode in the green region between 500 and 550 nm is higher than that of a bare ITO ͑84.4%͒. In addition, it was shown that the transparency of the UV-ozone treated Ag/ITO anode is higher than that of the as-deposited Ag/ITO anode, due to optical properties of Ag 2 O materials, which have a band gap of ϳ1.3 eV with the Fermi level range of 4.8-5.1 eV. 15 Transparency of the Ag and Ag 2 O nanodots indicates that they can be applied in bottomemitting OLEDs as well as TOLEDs. Using transparent Ag nanodots dispersed on an ITO anode, we can simultaneously take advantage of both the ITO and the Ag nanodots. The microstructures of the bare ITO and UV-ozone treated Ag/ ITO anodes were compared in the inset of Fig. 3 . Due to the small size of the Ag 2 O nanodots, they are not detected using conventional x-ray diffraction methods, so we employed the synchrotron x-ray scattering method. Synchrotron x-ray scattering results of both ITO anodes show identical crystalline peaks at Q z = 1.50 ͑211͒, 2.12 ͑222͒, 2.46 ͑400͒, 3.13 ͑431͒, and 3.47 ͑440͒. The dominant orientation of the both ITO anodes was the ͑222͒ reflection, and the ͑400͒, ͑431͒, and ͑440͒ reflections were observed as mirror peaks. The identical peaks of both anodes indicate that the microstructure of the Ag 2 O nanodots is amorphous due to the low substrate temperature. Figure 4 shows the J-V-L characteristics of the OLEDs fabricated on the bare ITO and UV-ozone treated Ag/ITO anode films, respectively. The J-V curve of the OLED fabricated on the UV-ozone treated Ag/ITO anode shows a lower turn-on voltage and a higher current density than those of the OLED fabricated on the reference ITO anode. This indicates that the hole injection from the UV-ozone treated Ag/ITO anode is enhanced by introducing Ag 2 O nanodots between the ␣-NPB and the ITO. The L-V curves of the OLEDs fabricated on the UV-ozone treated Ag/ITO anode and the bare ITO anode films also show a similar steep increase after onset. As expected in the J-V curve, the OLED fabricated on the UV-ozone treated Ag/ITO anode shows a higher luminance than that of an OLED fabricated on the bare ITO anode. The improved J-V-L characteristics of the phosphorescent OLED fabricated on the UV-ozone treated Ag/ITO anode can be explained as follows. 9 Therefore, uniformly distributed Ag 2 O nanodots lowered the potential barrier between the ITO and the ␣-NPB, enhancing the hole injection. In general, a metal electrode with a high work function such as Pt, Pd, and Au is unusable as an anode material due to its poor transparency. However, if these metals are fabricated on the ITO anode as a type of nanodot, it is possible to exploit the high work function of a metal anode regardless of its transparency.
In summary, the characteristics of a phosphorescent OLED fabricated on the UV-ozone treated Ag/ITO anode are investigated. It was found that deposition of a Ag film below the thickness of 10 Å on an ITO anode at room temperature led to the formation of transparent Ag nanodots. Those Ag nanodots are changed to 
